Introduction {#s1}
============

Calorie restriction (CR) without malnutrition leads to a large decrease in adipose tissue mass compared to controls ([@CIT0001]) and increases longevity in many taxa ([@CIT0002]). CR induces an important shift towards β-oxidation of fatty acids ([@CIT0003]) and as the main energy storage, adipose tissue is preferentially utilized during CR compared to the other organs ([@CIT0004]). In addition to its energy storage function, adipose tissue produces many cytokines (also known as adipokines) such as leptin, tumor necrosis factor-alpha (TNF-α), and interleukin 6 (IL6) ([@CIT0005]). An increase in adipose tissue mass is observed during aging, in both rats and humans, where it is associated with the metabolic syndrome ([@CIT0006]). Increased adiposity is linked to chronic low-grade inflammation and circulating pro-inflammatory cytokines are increased in the obese state ([@CIT0007]). CR results in both an improved inflammatory phenotype and improved adipokine signature related to metabolic disorders ([@CIT0008]). In addition, circulating levels of several important inflammatory adipokines are decreased under CR ([@CIT0009]). Hence decreased fat mass may influence health span and contribute to longevity by reducing adipokine production and improving inflammatory status.

Supporting this viewpoint, mice lacking the insulin receptor in fat tissue (FIRKO) were leaner, protected from age-related obesity and lived longer ([@CIT0010]). Furthermore, surgical removal of visceral fat in long-lived growth hormone receptor knockout (GHRKO) mice showed that the secretory activity was necessary to promote longevity by decreased levels of inflammatory cytokines and increased insulin sensitivity ([@CIT0011]). Interestingly, removal of visceral adipose tissue in rats led to an increase in mean and maximum lifespan, which was even more pronounced in CR exposed rats compared to *ad libitum* (AL) fed rats ([@CIT0012]).

Other data, however, does not support the hypothesis that reduced adiposity is causally linked to elevated longevity. For example, long lived dwarf Ames and Snell mice have a relatively high percentage of fat ([@CIT0013],[@CIT0014]). Inbred male DBA mice under CR have only a modest increase in lifespan yet these mice lost more mass and fat mass under CR compared to C57BL/6 mice ([@CIT0015]). Other studies have also shown the greater weight loss of DBA mice under CR compared to C57BL/6 mice but longevity was not measured ([@CIT0016],[@CIT0017]). Contradictory results come from a lifelong 40% CR study where CR restricted DBA mice had a higher survival rate under CR compared to DBA mice fed AL but compared to the restricted C57BL/6 mice they lived shorter lives ([@CIT0018]). When 41 recombinant inbred strains of mice, were exposed to lifelong 40% CR, a reversed correlation was observed between fat reduction and CR-increased lifespan ([@CIT0019],[@CIT0020]). However, it should be noted that the adverse relationship between fat loss and life expectancy might be due to the extreme depletion of subcutaneous fat stores in some strains. The visceral fats of dwarf models have been shown to adopt the characteristics of subcutaneous fat. Inhibited expansion of this type of adipose tissue leads to normalization of metabolic parameters despite morbid obesity ([@CIT0021]). Hence it is believed that subcutaneous fat is able to expand without inducing hypoxia and inflammation, thus playing a more protective role when excess nutrients are available ([@CIT0021]).

The extent to which calorie intake is restricted affects the extent to which lifespan is increased ([@CIT0022]). The use of graded levels of CR as a research tool has gained much prominence in recent years ([@CIT0023]) and we previously subjected individual mice at different levels of CR to an unprecedented level of phenotyping, summarized in a series of previous papers ([@CIT0004],[@CIT0009],[@CIT0026]). Here we analyze the transcriptomic response of epididymal white adipose tissue to increasing levels of CR of the same individual mice. Adipose tissue secretes many signaling proteins, which may play important roles in mediating the impacts of CR both centrally and peripherally. We therefore used the transcriptomic data to identify the profile of potential secreted signaling proteins. This allowed us to tie together the changes in adipose tissue transcriptome and the phenotype associated with graded CR.

Results {#s2}
=======

Identifying Differentially Expressed Genes and Enriched Pathways {#s3}
----------------------------------------------------------------

We performed a 3-month graded CR study with four levels of increasing restriction (10%, 20%, 30%, 40%). These treatment groups are referred to as 10CR, 20CR, 30CR, and 40CR, respectively. In addition, we fed animals *ad libitum* for either 24 (24AL) or 12 h per day (12AL)---see methods for rationale of this design. The primary point of reference for the present analysis was 12AL. We have included in supplementary results how selection of 12AL or 24AL as the reference group affected the outcomes ([Supplementary Figures 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}). Differential gene expression analysis relative to 12AL was performed based on the Benjamini--Hochberg adjusted *p*-value (FDR \< 0.05) and in total 3435 genes were significantly differently expressed in at least one of the CR levels. The number of DEGs relative to 12AL in adipose tissue increased in relation to CR level (i.e., for 10CR, 20CR, 30CR, and 40CR were 19, 733, 1323, and 3234 DEGs, respectively). The expression levels of individual genes did generally show a graded response to the increasing levels of CR ([Figure 1](#F1){ref-type="fig"}).

![Differentially expressed genes (DEGs) at each level of restriction relative to 12 h *ad libitum* (AL). The heat map represents the 3435 genes that were significantly expressed relative to 12AL. Red indicates a positive log~2~ fold change (log FC) and blue a negative log FC. 10CR, 20CR, 30CR, and 40CR refer to 10, 20, 30, and 40% restriction.](glx10101){#F1}

Based on the DEGs relative to 12AL, pathways were identified at each level of CR by Ingenuity Pathway Analysis (IPA) analysis. There was an increase in the number of significantly altered pathways with the level of CR (i.e., for 10CR, 20CR, 30CR, and 40CR: 4, 90, 106, and 239 pathways were altered, respectively). Some genes were involved in multiple pathways ([Supplementary Tables 1--4](#sup1){ref-type="supplementary-material"}). If the number of DEGs within a pathway increases, the significance of that pathway in the IPA analysis increases. We observed an increase in pathway significance with increasing CR level which was most prominent between 20CR and 40CR ([Figure 2](#F2){ref-type="fig"}). A total of 88 pathways were significantly altered at 40CR compared to 12AL, and progressively recruited more and more DEGs with increasing CR. In contrast, 54 pathways that were significantly altered at either 20CR or 30CR, had a reduced number of DEGs at 40CR (summarized in [Supplementary Table 5](#sup1){ref-type="supplementary-material"}, classification of pathways in [Supplementary Table 6](#sup1){ref-type="supplementary-material"}). To further elaborate on this "pathway recruitment" (i.e., increase in DEGs within a pathway) with increasing CR, we found that a total of 37 pathways were downregulated at 40CR and 2 were upregulated based on the gene expression relative to 12AL ([Figure 3](#F3){ref-type="fig"}). Nine of the 54 pathways that were either significantly altered at 20CR or 30CR were downregulated relative to 12AL ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

![Pathways recruited with increasing CR level identified by Ingenuity Pathway Analysis (IPA, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity)). Plot visualizing the increase in significance of pathways with increasing CR level relative to 12AL (*n* = 287). The Y-axis represents the --log10(*p*-value) of the pathway, with a maximum value of less than 0.05. A solid line indicates pathways that were significantly altered at 40CR (*p* \< .05) and a dashed line represents pathways that were not significantly altered at 40CR (*p* \> .05) relative to 12AL. The 88 pathways whose significance increased with graded CR by the color black and those who did not with the color grey. 10CR, 20CR, 30CR, and 40CR refer to 10, 20, 30, and 40% restriction.](glx10102){#F2}

![Pathways that increased their significance with increasing CR and were significant at 40CR relative to 12AL (*n* = 88). Bars represent the predicted activation scores identified by Ingenuity Pathway Analysis (IPA, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity)).](glx10103){#F3}

Identifying the Similarities Between the Different Levels of CR Relative to 12AL {#s4}
--------------------------------------------------------------------------------

Different pathways were altered at the different CR levels, but for other genes CR induced the same DEGs and same enriched pathways across all CR levels relative to 12AL. We further characterized these similarities and found 12 genes differentially expressed at all CR levels ([Figure 4A](#F4){ref-type="fig"}), and 485 DEGs at 20CR, 30CR, and 40CR ([Figure 4B](#F4){ref-type="fig"}, [Supplementary Table 7](#sup1){ref-type="supplementary-material"}) resulting in a total of the same 497 DEGs altered across the levels of CR. At a pathway level, we found 36 pathways significantly enriched at 20CR, 30CR, and 40CR ([Supplementary Table 8](#sup1){ref-type="supplementary-material"}). We therefore extended our analysis and correlated the expression level of genes involved in these 36 pathways with the extent of restriction. Genes involved in the acute phase response signaling pathway correlated negatively with the increase in CR ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). The pathways associated with inflammation and oxidative stress ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}), vascular biology ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}) and retinoid X receptor (RXR) associated pathways ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}) were also negatively correlated with the increase of CR.

![Differentially expressed genes (DEGs) in relation to the level of CR. (**A**) Venn diagram to represent DEGs mutually expressed at the different CR levels relative to 12 hours *ad libitum* feeding (12AL). (**B**) DEGs for each level of CR relative to 12AL. (*n* = 497). The heat map represents the log~2~ fold changes (log FC) at each CR level relative to 12AL. Red indicates a positive log FC and blue a negative log FC. 10CR, 20CR, 30CR, and 40CR refer to 10, 20, 30, and 40% restriction.](glx10104){#F4}

Identifying Potentially Encoded Proteins with a Signal Peptide {#s5}
--------------------------------------------------------------

Adipose tissue is a secretory organ and therefore we assessed whether the 497 significantly expressed genes relative to 12AL with graded CR could potentially encode proteins with a signal peptide by using their predicted amino acid sequence identified using SignalP v4.1 ([@CIT0031]). We identified 155 of the 497 genes that could encode signal proteins ([Supplementary Table 9](#sup1){ref-type="supplementary-material"}). To gain further insight, statistically overrepresented Gene Ontology (GO) biological processes were identified for these 155 genes using the tool ClueGO v2.2.3 in the Cytoscape program v3.2.1 ([@CIT0032]). The resulting network is comprised of nodes presenting GO biological processes connected via edges representing overlap between target genes in the overrepresented processes ([Figure 5](#F5){ref-type="fig"}, [Supplementary Table 10](#sup1){ref-type="supplementary-material"}). To aid visual interpretation, related biological processes were manually grouped in clusters.

![Statistically overrepresented Gene Ontology GO (GO) biological processes identified for the 155 encoded proteins with a signal peptide using ClueGO v2.2.3 in Cytoscape v3.2.1 ([@CIT0032]). The network is comprised of nodes presenting significantly overrepresented GO biological processes (*p* \< .05) connected via edges representing overlap between target genes in the overrepresented processes. The colors of the nodes represent the significance of the overrepresentation based on the *p*‐value and the size of the nodes represents the number of target genes. To aid visual interpretation, related biological processes were manually grouped in clusters indicated by the colored circles. These included vascular biology (purple), regulation of insulin secretion (orange), lipid metabolism (dark blue), transforming growth factor-beta signaling (green) and immune, inflammation, and reactive oxygen species response (light blue).](glx10105){#F5}

Identifying the Association Between Encoded Proteins with a Signal Peptide and Physiological Measurements {#s6}
---------------------------------------------------------------------------------------------------------

We previously measured several hormone levels and glucose homeostasis parameters in the same individual mice characterized here ([@CIT0009]). Many of these hormones and parameters were involved in hunger regulation in the hypothalamus and insulin sensitivity ([@CIT0009],[@CIT0029]). We therefore further elaborated on the signaling genes involved in insulin secretion, response to ketones, and TGF-β signaling. Genes in these processes showed a significant downregulation under CR relative to 12AL and this most prominent at 40CR ([Figure 6](#F6){ref-type="fig"}). We correlated gene expression levels of each mouse with their corresponding circulating hormone levels and glucose homeostasis parameters ([Figure 7](#F7){ref-type="fig"}). Genes involved in the negative regulation of insulin secretion correlated positively with glucose homeostasis measurements, with the exception of insulin sensitivity, which correlated negatively ([Supplementary Table 11](#sup1){ref-type="supplementary-material"}). Circulating levels of leptin correlated positively with the expression levels of genes involved in the negative regulation of insulin secretion ([Supplementary Table 12](#sup1){ref-type="supplementary-material"}). Genes involved in TGF-β signaling and response to ketones correlated with most of the circulating hormones we measured and glucose homeostasis measurements. None of the genes involved in insulin secretion, response to ketones and TGF-β signaling correlated with circulating levels of resistin.

![Expression levels of genes involved in insulin secretion, response to ketones, and TGF-β signaling relative to 12 h *ad libitum* intake (12AL). The heat map represents the log~2~ fold changes (log FC) at each CR level relative to 12AL. The intensity of the color black is related to the strength of the negative log FC. 10CR, 20CR, 30CR, and 40CR refer to 10, 20, 30, and 40% restriction.](glx10106){#F6}

![Overview of transcription factors, glucose homeostasis measurements and circulating hormones associated with signaling genes involved in insulin secretion, response to ketones and TGF-β signaling. The full lines represent a positive correlation between expression levels of genes involved in those pathways and physiological measurements. Negative correlations are represented by a dashed line and transcriptional regulation by a dotted line. The activation of transcription factors is represented by grey and the inhibition by black. The node size represents the number of target genes.](glx10107){#F7}

We also identified transcription factors upstream from the genes containing the signal protein motif involved in these three biological processes (identified by IPA). The activation/inhibition state of the transcription factors was based on the expression of their downstream target genes. Of the 23 transcription factors, 19 were involved in regulating TGF-β signaling gene expression, 5 in regulating the response to ketones gene expression, and 3 in regulating expression levels of genes involved in the negative regulation of insulin secretion.

Discussion {#s7}
==========

In the same individual mice used here, we previously reported that CR induced a significant reduction in body mass and in particular adipose tissue mass ([@CIT0004]), improved glucose homeostasis, reduced levels of several circulating hormones ([@CIT0009]), reduced body temperature ([@CIT0026]), a shift in behavior ([@CIT0027]), an effect on physical activity ([@CIT0028]), increased hunger signaling in the hypothalamus ([@CIT0029]), lowered basal metabolic rate ([@CIT0033]), and altered liver metabolome ([@CIT0034]). Epididymal white adipose tissue was preferentially utilized during graded CR compared to the other organs ([@CIT0004]) and provided 55.8--60.9% of the total released energy as the mice sought to mitigate the shortfall in their intake ([@CIT0004]), consistent with other studies ([@CIT0035],[@CIT0036]). Here we focused on the transcriptomic profile of epididymal white adipose tissue and we provided an integrated overview of the effects of graded CR ([Figure 8](#F8){ref-type="fig"}).

![An integrated overview of the effects of graded calorie restriction on the adipose tissue transcriptome. The dark grey circles represent genes that were downregulated relative to 12AL and light grey represent an upregulation relative to 12AL. The genes are grouped according to their biological function. The three panels represent the results discussed in the three paragraphs included in the discussion.](glx10108){#F8}

Adipose tissue plays a central role in metabolism and secretion of hormones. During over-nutrition, rapid adipose tissue expansion induces a local hypoxia response with elevated ROS production and coincident inflammatory responses ([@CIT0007]). This results in a reduction in the health of adipose tissue and consequently adversely affects metabolic processes, triggering metabolic dysfunctions at a physiological level (e.g., insulin resistance) ([@CIT0006]). Adipose tissue levels also tend to increase with age and ROS production and chronic low-grade inflammation both contribute to dysfunctional adipose tissue associated with aging and may contribute to molecular differences between normal aging and age-related diseases ([@CIT0006]). An important observation we made here is that many genes showed a non-graded transcriptional response to the CR treatment. That is a gene or pathway might be activated at 20CR or 30CR, but was not activated at 40CR. Because in this strain graded increases in CR leads to a graded increase in lifespan ([@CIT0037]), such non-linear changes in gene expression with the level of restriction are unlikely to be key components driving the longevity response. Yet such changes would be identified as potentially important in protocols using only a single level of restriction. Importantly we did find several pathways where gene expression profiles were linearly related to the level of restriction, and we suggest these are more likely candidates contributing to the CR longevity response. In particular, we found that pathways involved in the molecular signaling of hypoxia such as activated nuclear factor-kappa B (NF-ĸB) and hypoxia-inducible factor-alpha (HIF1-α), were progressively repressed with increasing CR level and were significantly downregulated at 40CR relatively to 12AL, which has been observed previously ([@CIT0038]). Furthermore, signaling elements associated with hypoxia such as leptin (*Lep*), interleukin 6 (IL6), macrophage migration inhibitory factor (MIF), tumor suppressor protein p53, and nuclear factor of activated T-cells (NFAT) were also downregulated at 40CR relative to 12AL. Together our results are consistent with a declining level of adipose tissue inflammation as CR increased potentially negating the ageing-associated decline in adipose tissue health, and associated age-related diseases. Recent work suggested that CR enhances a type 2 immune response, which leads to browning of adipose tissue ([@CIT0039]). Fabbanio *et al.* hypothesized that beige fat was a common feature of a negative energy balance. However, we did not find a similar gene expression regulation of browning markers.

The gene p53 was first identified as a tumor suppressor and was found to be the most commonly mutated gene in cancers ([@CIT0040]). In p53 knockout mice, 40% CR delayed spontaneous tumorigenesis compared to their wild-type siblings ([@CIT0041]) suggesting that the protective role for CR against cancer is independent of p53. In addition, the PTEN signaling pathway was significantly increased at 40CR compared to 12AL. The PTEN gene is a tumor suppressor and can inhibit cellular proliferation ([@CIT0042]). The anti-cancer effect of CR has been widely documented and is believed to reduce the initiation and progression of spontaneous tumors in several tissue ([@CIT0043]). There is a significant association between excess body fat (i.e., obesity) and the risk of cancer occurrence. One of the mechanisms contributing to the increased risk of cancer in obese individuals is elevated inflammation ([@CIT0044]). Hence the reduced adiposity with reduced inflammation as direct effect of CR could mediate some of its beneficial effects. Short-lived organisms such as *Caenorhabditis elegans* and *Drosophila melanogaster* do not develop adult cancers but still exhibit expression levels of p53 which suggest additional functions for this gene ([@CIT0045]). Increased gene expression of p53 in adipose tissue inflammation can regulate insulin resistance ([@CIT0046]) and downregulation of p53 at 40CR is concordant with the improved insulin sensitivity in these mice ([@CIT0009]).

The p53 signaling pathway has also been implicated in playing a role in reproduction ([@CIT0047]). During CR, a reallocation of energy investment between somatic maintenance, growth and reproduction has been proposed ([@CIT0048]). This reallocation of energy investment has been hypothesized as an integral component of the increased lifespan under CR although others have reasoned against this ([@CIT0049]). We found that 40CR significantly altered pathways related to germ cell development. Gene expression levels of major urinary proteins (MUPs) (*Mup20* and *Mup3*) were reduced in the adipose tissue. MUPs are used in scent marking for mate attraction and the decreased production would be consistent with a trade-off between reproductive investment and maintenance of the soma under CR ([@CIT0050]). MUPs are primarily found in liver but mRNAs related to hepatic MUPs are also present in other secretory tissues ([@CIT0051]). In urine we observed a reduction in MUPs of these mice as CR increased ([@CIT0009]). In summary, the pathways that were progressively repressed with increasing CR levels such as NF-κB, HIF1-α and p53 serve important signaling functions in lifespan-associated pathways, and their reduced signaling as CR level increased may contribute to the CR mediated increase in lifespan.

A total of 36 pathways were significantly expressed at all levels of CR relative to 12AL and the gene expression levels changed in a graded manner in response to graded CR. These pathways were involved in ROS production, inflammation, and angiogenesis. Genes involved in the production of nitric oxide (NO) were negatively correlated with the extent of CR and downregulated relative to 12AL. NO is generated by various components of the immune system and is believed to be protective against cellular damage ([@CIT0052]). Reduced oxidative stress mediated by CR can be achieved by several mechanisms including a decrease in the rate at which ROS are generated, an increase in the rate at which ROS are detoxified and an upregulation of degradation and repair processes ([@CIT0022]). A possible interpretation of lower NO could be that less ROS were produced in the adipose tissue under CR compared to 12AL. Although ROS are necessary for cellular activities ([@CIT0053]) and the immune system ([@CIT0054]), they may induce cellular damage leading to diseases ([@CIT0055]). ROS-induced inflammation can stimulate adipose tissue expansion and is associated with angiogenesis ([@CIT0056]). The angiogenic activity of adipose tissue is a crucial step to provide oxygen, nutrition, and hormones ([@CIT0057]) and effective development of intrinsic vascular biology is a rate-limiting step in adipose tissue expansion ([@CIT0058]). During CR, adipose tissue contracts ([@CIT0001],[@CIT0036]) and hence we might anticipate a corresponding reversal of angiogenic processes. This was consistent with the downregulated pathways involved in thrombin signaling under all levels of CR. Thrombin may play an important role in both normal and pathological vascular biology ([@CIT0059]) and it stimulates secretion of inflammatory cytokines such as IL6 and TNF-α in human adipose tissue ([@CIT0060]). In a study of intermittent fasting in humans, proteomic analysis of plasma after four weeks showed downregulation of prothrombin in the treatment cohort compared to controls ([@CIT0061]). We also found a downregulation of coagulation factor V (*F5*), which participates as a cofactor in the conversion of prothrombin to thrombin ([@CIT0062]). Furthermore, the gene *SerpinA1* or α1-antitrypsin was downregulated under CR and is a marker for inflammatory processes usually associated with atherogenesis and cardiovascular diseases ([@CIT0063]). Interestingly α1-antitrypsin is also downregulated in long-lived Snell mice ([@CIT0064]). Our results suggest that graded CR had a beneficial effect in adipose tissue by reducing intrinsic inflammation, ROS production and angiogenesis, leading to an overall "healthier" adipose tissue profile compared to mice fed AL and this in a graded fashion.

Fatty acids in the form of triglycerides are released by adipose tissue and can be converted into ketones in the liver to create an energy source via ketogenesis ([@CIT0065]). In addition to an alternative energy source during fasting, ketone bodies can also serve as signaling molecules ([@CIT0066]). Early work has shown that murine adipose tissue can utilize ketone bodies ([@CIT0067]) and hence they may serve as a signaling metabolite between liver and adipose tissue. We found decreased transcription of genes encoding signaling proteins known to be responsive to ketones in adipose tissue (e.g., *Serpinf1*). Elevated levels of *Serpinf1* may serve as a regulator of metabolic syndrome ([@CIT0068]) and prolonged administration leads to adipose tissue lipolysis and reduced insulin sensitivity. Expression levels of *Serpinf1* is transcriptionally regulated by huntingtin (*Htt*) ([@CIT0069]) and there was inhibition of *Htt* in our CR study. This may have potentially contributed to the observed improved insulin sensitivity at higher levels of CR ([@CIT0009]). Indeed, reduced expression levels of *Serpinf1* correlated with improved insulin sensitivity and reduced insulin resistance. In concordance with this result, we found several signaling proteins, glucose homeostasis measurements and circulating hormones associated with the negative regulation of insulin secretion. These included the gene *Nov* or also known as CCN3, circulating levels of leptin and plasma glucose levels. In mice, plasma levels of *Nov* are related to *Nov* gene expression in adipose tissue, and it is believed to contribute to obesity-related inflammation ([@CIT0070]). CCN3 is a part of the CNN family and these proteins contain distinct structural modules resembling IGF binding proteins. CCN3 shows a weak affinity for IGF-binding and by specific interactions with this domain, it may be involved in similar signaling cascades ([@CIT0071]). Expression of CCN3 was associated with a significant higher risk of developing lung and bone metastasis in Ewing's sarcoma ([@CIT0072]). In transfected CCN3-negative Edwing's sarcoma cell line with CCN3, the cell proliferation was reduced but migration and invasion was increased ([@CIT0073]). Hence, CCN3 plays an important role in cancer. Its downregulation under CR may contribute to the well-known anti-cancer effect of CR ([@CIT0043]). In pancreatic β-cells, *Nov* was found to be a transcriptional target of Forkhead box protein O1 (FoxO1) and *Nov* inhibited glucose-stimulated Ca^2+^ entry and insulin secretion ([@CIT0074]). Pancreatic β-cells are also sensitive to plasma glucose and leptin concentrations and secrete insulin accordingly ([@CIT0075],[@CIT0076]). Plasma glucose levels and insulin at the end of study were both reduced under CR ([@CIT0009]). Downregulation of the evolutionary conserved IGF-1/insulin signaling pathway is associated with increase in lifespan in worms, flies, and rodents ([@CIT0077]). In *C. elegans*, TGF-β may be tightly linked to the insulin/IGF-1 pathway and hence play a role in regulating longevity ([@CIT0080]). Expression profiles of adult long-lived TGF-β mutants overlapped significantly with insulin/IGF-1 pathway profiles, including those genes that regulate life span ([@CIT0081]). TGF-β is released by adipocytes and both the mRNA and protein levels of TGF-β are increased in adipose tissue of genetically obese (ob/ob) mice compared to lean mice ([@CIT0082]). In addition TNF-α is known to promote insulin resistance and stimulate TGF-β gene expression ([@CIT0082],[@CIT0083]). In our study, signaling proteins involved in the TGF-β signaling pathway were downregulated under CR. Furthermore, decreased TGF-β signaling was correlated with measures of improved insulin action under CR. This is in agreement with reduced levels of circulating TNF-α under CR and its correlation with expression levels of genes involved in TGF-β signaling ([@CIT0009]). As both of these pathways are evolutionarily conserved, the reduced signaling by TGF-β and insulin may possibly play a role in the longevity of higher organisms, such as mammals.

In most rats and mice increasing levels of CR in both sexes are linearly related to the increase in lifespan. Hence the use of graded levels of CR as a research tool has gained much prominence in recent years ([@CIT0023]). Recently, 41 strains of recombinant inbred mice were exposed to two levels of CR: 20% and 40% CR. The responses of these strains to CR elucidated a clear role of sex, strain and the level of CR with decreased lifespan at 40% CR for some strains ([@CIT0084]). It was proposed that the CR responses inducing longevity may vary according to genotype. Hence our study has some limitations as we only studied one strains. However, C57BL/6 mice are known responders to CR, are a well-studied strain and were the subject of the mouse genome project. Hence there are abundant data for this strain in various other fields and hence the changes we found in the transcriptome and other responses of these mice can be more easily set into a wider context. A recent review suggested that there was no strong sex effect on the impact of CR on lifespan ([@CIT0037]). However by using male mice were able to measure their reproductive investment by determining production of urinary MUPs ([@CIT0009]). In addition, there is a possibility that CR may change the relative proportions of cell types in the adipose tissue. Although we measured fat mass, we did not perform any histology of the tissue. Hence some of the changes we observed may not reflect changes in gene expression of adipocytes, but instead the changing proportions of different cell types in the tissue. Overall our data suggest reduced levels of adipose tissue under CR may contribute to the protective impact of CR in multiple ways linked to changes in tissue inflammation, oxidative stress and vascular biology.

Methods {#s8}
=======

Animals and Experimental Manipulations {#s9}
--------------------------------------

All procedures were approved by the University of Aberdeen ethical approval committee and carried out under the Animals (Scientific Procedures) Act 1986 Home Office license (PPL 60/4366 held by JRS). Forty-nine male C57BL/6 mice (*Mus musculus*) purchased from Charles River (Ormiston, UK) were individually housed and free access to water was provided. Mice were exposed to 12 h dark/light cycle (lights on at 06:30 h) and body mass and food intake were recorded daily, immediately prior to nocturnal feeding. At 20 weeks of age (resembling early adulthood in humans), mice were randomly allocated into 6 different treatment groups: 24 h *ad libitum* intake (24AL) (*n* = 8), 12AL intake (*n* = 8), 10 CR (*n* = 8), 20CR (*n* = 8), 30CR (*n* = 8), and 40CR (*n* = 9). Mice in the 12AL group were fed *ad libitum* for 12 h during the dark period. 40CR indicates 40% lower calories than their own individual intakes measured over a baseline period of 14 days prior to introducing CR. This is a caloric restriction protocol rather than a caloric dilution experiment ([@CIT0037]).

CR-restricted mice generally consume their entire daily ration of food during the first few hours after the food is provided. The 24AL animals can by definition eat at any time throughout a 24 h period. Hence, when CR-restricted mice were culled they may have been starving for 10--16 h while 24AL may have eaten an hour prior to culling. To address this issue, 12AL was set as a reference to avoid the "time since last meal effect" and graded levels of CR were introduced to investigate a potential graded response. Information on overall study design, diet composition, and detailed rationale are described elsewhere ([@CIT0004]).

RNA Isolation, RNA Sequencing, Alignment and Analytical Procedure {#s10}
-----------------------------------------------------------------

After culling by a terminal CO~2~ overdose, epididymal white adipose tissue was removed, weighed and frozen in liquid nitrogen and stored at −80°C until RNA extraction. RNA was isolated by homogenizing in Tri-Reagent (Sigma Aldrich, UK) according to the manufacturer's instructions. Prior to RNA quantification, using the Agilent RNA 6000 Nano Kit, samples were denatured at 65°C. In total, the RNA of 43 individual mice (12 h AL *n* = 7, 24 h AL *n* = 7, 10% CR *n* = 7, 20% CR *n* = 8, 30% CR *n* = 7, 40% CR *n* = 7) was successfully isolated and sent to Beijing Genomic Institute (BGI, Hong Kong) for RNA sequencing. Library preparation was done according to standard protocol of BGI and the library products were sequenced using an Illumina Hi-seq 2000, resulting in 50 bp single end reads. Standard primers and barcodes developed by BGI were used. Detailed information on library preparation and alignment has been described previously ([@CIT0029]). Differential gene expression was modeled using the edgeR package ([@CIT0085]) in R (version 3.1.2) ([@CIT0086]) and pairwise comparisons were conducted between 12AL or 24AL and each level of CR. To control for type I errors, the Benjamini Hochberg adjusted *p*-value was used (5% FDR) ([@CIT0087]).

Biological Interpretation {#s11}
-------------------------

Enriched pathways were identified based on DEGs using the option core analysis in the IPA program (version 2000--2016, Ingenuity Systems, [www.ingenuity.com](http://www.ingenuity.com)).

DEGs at all levels of CR (*n* = 12) and at 20CR, 30CR, and 40CR (*n* = 486) relative to 12AL were further analyzed to determine if they encoded a signal protein. Their amino acid sequence was obtained from the National Center for Biotechnology Information website (NCBI, <http://www.ncbi.nlm.nih.gov/>) and potential signal peptides were identified by using the Center for Biological Sequence analysis (CBS) prediction server SignalP 4.1 (<http://www.cbs.dtu.dk/services/SignalP/>) ([@CIT0031]). Only genes identified to encode a signal protein were considered for further analysis (*n* = 155). The ClueGO v2.2.3 plugin within Cytoscape v3.2.1 ([@CIT0032]) was used to determine which biological processes (Gene Ontology biological processes v29.01.2016) were overrepresented based on these 155 genes. The overrepresentation was based on a two-sided hypergeometric test with a Benjamini--Hochberg FDR cut-off of 0.05 and a minimum of 3 genes in the pathway selection. Normalized counts of these genes were correlated with physiological measurements \[obtained from ([@CIT0009])\] and transcription factors were obtained from the upstream analysis in the IPA program.
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